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PURPOSE:
To compare the accuracy and repeatability of a semiautomatic segmentation algorithm with those of manual segmentation for determining liver volume in living liver transplant donors at magnetic resonance (MR) imaging.
MATERIALS AND METHODS:
The institutional review board approved this retrospective study and waived the requirement for informed consent. The semiautomatic segmentation algorithm is based on geometric deformable models and the level-set technique. It entails (a) placing initialization circle(s) on each image section, (b) running the algorithm, (c) inspecting and possibly manually modifying the contours obtained with the segmentation algorithm, and (d) placing lines to separate the liver segments. For 18 living donors (eight men and 10 women; mean age, 34 years; age range, 25-46 years), two observers each performed two semiautomatic and two manual segmentations on contrast material-enhanced T1-weighted MR images. Each measurement was timed. Actual graft weight was measured during surgery. The time needed for manual and that needed for semiautomatic segmentation were compared. Accuracy and repeatability were evaluated with the Bland-Altman method.
RESULTS:
Mean interaction time was reduced from 25 minutes with manual segmentation to 5 minutes with semiautomatic segmentation. The mean total time for the semiautomatic process was 7 minutes 20 seconds. Differences between the actual volume and the estimated volume ranged from Ϫ223 to ϩ123 mL for manual segmentation and from Ϫ214 to ϩ86 mL for semiautomatic segmentation. The 95% limits of agreement for the ratio of actual graft volume to estimated graft volume were 0.686 and 1.601 for semiautomatic segmentation and 0.651 and 1.957 for manual segmentation. Semiautomatic segmentation improved estimation in 15 of 18 cases. Inter-and intraobserver repeatability was higher with semiautomatic segmentation.
CONCLUSION:
Use of the semiautomatic segmentation algorithm substantially reduces the time needed for volumetric measurement of liver segments while improving both accuracy and repeatability.
© RSNA, 2004 Living donor liver transplantation is increasingly performed as an alternative to cadaveric transplantation (1) . The shortage of cadaveric organs and the successful results reported by many centers have fostered the practice. Preoperative screening of the donor candidates is very important (1, 2) . The quality, size, and vascular and biliary anatomy of the liver are best assessed with magnetic resonance (MR) imaging or computed tomography (CT) (3, 4) .
In particular, the volume of the potential graft must be measured to ensure sufficient liver function after surgery. In the recipient, the ratio between the graft size and the recipient's body weight ideally must be higher than 0.8%-1% (5) or the ratio between the graft size and the standard liver volume (which is calculated according to surface area) (6) must be higher than 50% (7) . In the donor, a remnant liver volume of 30% of the standard liver volume is usually considered to be the lower limit (8) . Lower values are associated
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with higher morbidity and mortality in both the recipient and the donor owing to the small-for-size syndrome. In pediatric patients weighing less than 15 kg, a left lateral segment (Couinaud [9, 10] segments II and III) graft is sufficient. In adults, a right lobe (Couinaud segments V-VIII) graft is usually necessary because of volume constraints in the recipient.
Preoperative liver segmentation has proved useful for measuring the graft volume before living donor liver transplantations in previous studies (11) (12) (13) (14) . In these studies, the liver segments were manually delineated on each image section. The delineated areas were multiplied by the section thickness to obtain volumes and summed to obtain the total volume of the liver segments. This process is tedious and time consuming. To compensate for this problem, automatic segmentation techniques have been proposed (15, 16) . These methods involve the use of sequences of thresholding, morphologic operations (ie, mathematic operations, such as image dilation, erosion, opening, and closing, that are based on shape), and model deformations. These techniques are complex and require long computation times. Because these algorithms were developed for CT, they are usually not directly usable with MR images, which are increasingly used for the preoperative screening of potential liver donors (3, 13) . Furthermore, these studies were focused on three-dimensional visualization. The actual organ volume was not used as the standard of reference.
The purpose of our study was to compare the accuracy and repeatability of a semiautomatic segmentation algorithm with those of manual segmentation for determining liver volume in living liver transplant donors at MR imaging.
MATERIALS AND METHODS
Donors
Eighteen subjects were selected as living donors for liver transplantation (eight men [mean age, 34 years; age range, 25-46 years] and 10 women [mean age, 33 years; age range, 27-40 years]). These patients were selected between April 2001 and September 2003. Donors eligible for inclusion in the study were those who passed the preoperative screening tests and whose grafts were weighed after surgery. Eleven donors underwent left lateral segment (segments II and III) resection, two underwent left lobe (segments II-IV) resection, and five underwent right lobe (segments V-VIII) resection. The institutional review board approved this retrospective study and waived the requirement for informed consent.
MR Imaging
Abdominal images were acquired during preoperative screening by using a 1.5-T whole-body MR imaging unit (Gyroscan NT Intera T15; Philips Medical Systems, Best, the Netherlands). To measure the liver volumes, a contrast materialenhanced T1-weighted fast-field-echo sequence was used. Acquisition parameters were as follows: field of view, 400 ϫ 320 mm; acquisition matrix, 304 ϫ 194; reconstruction matrix, 512 ϫ 512; section thickness, 7 mm; section gap, 1-3 mm; repetition time msec/echo time msec, 135/2.9; flip angle, 60°; and acquisition time, 14 seconds per set of images. Twenty sections were acquired to cover the whole liver. The echo time was chosen to create a phase cancellation between fat and water signals. This creates a black outline at the border of the liver in which the voxels contain both liver tissue and peritoneal fat. This effect is beneficial for segmentation. A 0.1-mmol dose of gadodiamide (Omniscan; Amersham Health, Cork, Ireland) per kilogram of body weight was injected at a rate of 2.5 mL/sec with a power injector (Spectris; Medrad, Indianola, Pa). Four sets of images were acquired before administration of the contrast agent and during the arterial, portal venous, and delayed phases. Only the images acquired during the portal venous phase were used for segmentation.
Manual Segmentation
Two independent trained observers (L.H. and I.L.A., who both had 2 years of experience with liver MR imaging) each performed two manual segmentations retrospectively for each patient. To prevent bias, the observers were blinded to the results of their first measurement, the results of the other observer, the results of the other segmentation method, and the actual graft volume. The measurements were performed in random order, and successive measurements in the same patient were performed after a time interval of at least 2 weeks. Manual segmentation was performed at a GE Advantage Windows workstation (GE Medical Systems, Milwaukee, Wis).
The method that was described by Heymsfield et al (17) for measuring the volume of the whole liver and adapted by Kawasaki et al (12) for measuring the segmental volumes was used. On each section, the outlines of the caudate lobe (segment I), the left lateral segment (segments II and III), the left medial segment (segment IV), and the right lobe (segments V-VIII) were manually drawn by using the computer mouse (Fig 1) . The anatomic landmarks used to separate the liver segments were the gallbladder and the middle hepatic vein for the right lobe-left medial segment separation; the falciform ligament for the left medial segment-left lateral segment separation; and the inferior vena cava, portal bifurcation, and ligamentum venosum for the delineation of the caudate lobe (18) . For sections on which the anatomic landmarks were not visible, the separation lines were mentally interpolated. The volume corresponding to each outline was obtained by multiplying the area of the outline by the section thickness (including the gap). The total volumes of the liver segments were obtained by summing the volume on each section. For each measurement, the total segmentation time was recorded.
Semiautomatic Segmentation
The same two observers each retrospectively performed two semiautomatic segmentations for each patient. The same measures were taken to prevent bias. Our semiautomatic liver segmentation software was developed at a Windows 2000 workstation with the Interactive Data Language programming language, version 5.5 (Research Systems, Boulder, Colo). A user-friendly graphical user interface allows easy interaction. The algorithm used in this study is an extension of the algorithm proposed by Pan and Dawant (19) for segmentation of the liver in CT images. Briefly, this algorithm requires placing one or several small circles within the structure of interest. These circles are then deformed automatically until they reach the structure boundary. The technique used for deforming the circles falls within the category of geometric deformable models (20 -22) and is implemented in a level-set framework (23, 24) .
Specific features of the algorithm used herein include a speed function called the accumulative speed function (19) , which permits stopping the progression of the contours at weak boundaries, automatic estimation of the parameters required by this algorithm on the basis of the initial circles, and a modification of the algorithm initially proposed by Pan and Dawant to prevent early contour stopping caused by the presence of the hepatic vessels that appear as very bright structures in our images. The overall segmentation process involves the following steps: (a) placing initialization circle(s) on each section, (b) running the algorithm, and (c) inspecting and possibly manually modifying the contours obtained with the segmentation algorithm.
With the segmentation algorithm, two lines must be drawn to separate the liver into segments. As in the manual segmentation process, the liver is separated into the caudate lobe, left lateral segment, left medial segment, and right lobe (Fig 1) . Separation is performed by drawing lines on a few sections on which the landmarks are visible. These lines are then automatically interpolated to create surfaces that separate the liver into segments. The caudate lobe must be manually delineated. Each measurement was timed. The initialization time (ie, the time required to place the initialization circles), the computing time (ie, the time required to automatically delineate the liver contours), and the time for manual corrections and delineation of the liver segments were recorded separately. The total time was the sum of these three times. The interaction time was the sum of the initialization time and the time for manual corrections and delineation of the liver segments.
Surgical Procedure
The recipients received a left lateral segment (segments II and III), left lobe (segments II-IV), or right lobe (segments V-VIII) graft (25) . Intraoperative ultrasonography was used in the donors to delineate the intrahepatic vascular anatomy. The arterial, venous, and biliary elements of the corresponding graft were isolated. Parenchymal transection was performed without inflow occlusion. The liver graft was flushed successively with Hartmann (4°C) and University of Wisconsin solutions through a portal vein cannula. The corresponding hepatic artery was then ligated, and the corresponding hepatic vein was transected and sutured progressively. The graft was weighed by using a calibrated scale after the flushing and the preparation work. Graft weight was converted into graft volume by using an assumed unit density for the liver (26) .
Effect of Section Thickness
The influence of the section thickness on the volumes measured with the semiautomatic segmentation algorithm was assessed in five patients with normal livers. In each patient, the contrast-enhanced T1-weighted fast-field-echo sequence used for preoperative screening of the living donors was performed three times with increasing section thicknesses (5, 7, and 10 mm). The section gap (1 mm) was not modified. For the images acquired with each sequence, one observer (L.H.) performed two semiautomatic segmentations as described above. The estimated volumes of the caudate lobe (segment I), the left lateral segment (segments II and III), the left medial segment (segment IV), the right lobe (segments V-VIII), and the total liver, as averaged across the five patients, are reported for the three section thicknesses. The influences of section thickness on the number of sections necessary to cover the whole liver and on the interaction and total segmentation times were also studied.
Statistical Analysis
The total time for manual segmentation was compared with the total and interaction times for semiautomatic segmentation. For the semiautomatic segmentation method, the percentages of the total time devoted to initialization, computing, and manual corrections and delineation of the liver segments were calculated.
For accuracy comparisons, the mean graft volumes Ϯ standard deviations measured during surgery and the mean volumes (ie, the mean of the four observations [two observations by each of two observers]) estimated with the manual and semiautomatic segmentations were averaged across all of the donors. In addition, for each donor, the difference between the actual graft volume (measured during surgery) and the estimated volume (the mean of the four observations) was calculated separately for the manual and semiautomatic segmentations. These differences were plotted against the averages of the actual and the estimated volumes. Scatterplots were drawn to illustrate the relationships between the actual and estimated graft volumes. The identity line was indicated on these plots. The number of cases in which use of the semiautomatic segmentation algorithm improved the accuracy of the estimation was counted. The statistical analysis was performed with the method described by Bland and Altman (27, 28) . The 95% limits of agreement were calculated separately for the actual volume versus the volume determined with manual segmentation and the actual volume versus the volume determined with semiautomatic segmentation. Because the measurement error was proportional to the mean, a logarithmic transformation (natural logarithm) was used (29) . Independence after the transformation was checked by using a Bland and Altman plot (27, 28) . Normality of the differences was checked with the Kolmogorov-Smirnov test. Because for each segmentation method the mean of four measurements was used, the variance of the differences was corrected for repeated measurements (28) . The within-subject variance was calculated with one-way analysis of variance. The 95% limits of agreement were calculated as the mean difference Ϯ 1.96 (adjusted standard deviation of the differences). The limits of agreement expressed in a logarithmic scale were transformed back into being expressed in a natural scale by using an exponential function. Because the calculations were performed with the logtransformed quantities, these limits of agreement must be interpreted in terms of ratios.
The Bland and Altman repeatability coefficient (28, 30) was used as a measurement of inter-and intraobserver agreement for the manual and semiautomatic segmentations. The calculations were performed separately for the caudate lobe (segment I), the left lateral segment (segments II and III), the left medial segment (segment IV), the right lobe (segments V-VIII), and the whole liver. Because for each of these tests the range of values was narrow, logarithmic transformation was not necessary. For the measurement of interobserver agreement, only the first measurement of each observer was taken into account (31) . Intraobserver agreement was measured for both observers. The repeatability coefficient was calculated as 2.77 times the within-subject standard deviation. By definition, the measurement error is smaller than the repeatability coefficient for 95% of the observations. Therefore, a smaller repeatability coefficient indicates better repeatability of the method.
RESULTS
Time Measurement
The time measurements (expressed as means Ϯ standard deviations), as averaged across the four observations, are reported in Table 1 . The interaction time was reduced from 25 minutes for manual segmentation to 5 minutes for semiautomatic segmentation. For semiautomatic segmentation, interaction time represents 67% of the total time required and is divided into the time required for initialization of the contours (21% of the total time) and the time required for corrections and placing of the separation lines (46% of the total time). Computing time represents 33% of the total time.
Accuracy Measurements
The mean graft volumes Ϯ standard deviations that were measured during surgery and the mean graft volumes (ie, the mean of the four observations) that were estimated with the manual and semiautomatic segmentation methods are summarized in Table 2 . The differences between the actual volume and the estimated volume ranged from Ϫ223 to ϩ123 mL for manual segmentation and from Ϫ214 to ϩ86 mL for semiautomatic segmentation (Fig 2) . The volumes of larger grafts (whether involving the left or the right lobe) were always overestimated. It can be observed on the scatterplots (Fig 3) that the experimental points are closer to the identity line for the semiautomatic than for the manual segmentation values. Semiautomatic segmentation improved graft volume estimation in 15 of the 18 cases.
After logarithmic transformation, the dependence of the measurement errors on the mean was removed for both comparisons. Applying the KolmogorovSmirnov test to the logarithmic differences did not lead to the rejection of the normality hypotheses (P ϭ .786 and P ϭ .828 for actual volume vs manual and semiautomatic segmentations, respectively). The mean, the variance, the standard deviation of the differences, the within-subject variance, the adjusted variance, and the adjusted standard deviation of the accuracy measurements are summarized in Table 3 for both tests. The 95% limits of agreement are also indicated in logarithmic and natural scales. The mean difference was greater for manual segmentation than for semiautomatic segmentation. The smaller withinsubject variance obtained with semiautomatic segmentation was a first indicator of the better repeatability of this method. The ratio of actual graft volume to estimated graft volume lay between 0.651 and 1.957 for manual segmentation and between 0.686 and 1.601 for semiautomatic segmentation. Because the 95% limits of agreement were closer to 1 for the semiautomatic than for the manual method, the accuracy of the former method was higher.
Repeatability Measurements
The repeatability coefficients for both the manual and the semiautomatic segmentation methods are reported in Table  4 . Lower repeatability coefficients (ie, better repeatability) were obtained with the semiautomatic segmentation method for all segments except the caudate lobe (segment I).
Effect of Section Thickness
The estimated volumes of the caudate lobe (segment I), left lateral segment (segments II and III), left medial segment (segment IV), right lobe (segments V-VIII), and whole liver; the number of sections; and the total and interaction times are reported in Table 5 as means and standard deviations averaged across the five patients for the three section thicknesses. A decrease in the mean estimated volume with increasing section thickness was observed for the left lateral segment, the right lobe, and the whole liver. When the section thickness was doubled (from 5 to 10 mm), the mean estimated volumes of these areas decreased by 8%, 4%, and 5%, respectively. No specific trend was observed for the caudate lobe and the left medial segment. Because with the use of thinner sections it was necessary to acquire more sections to cover the whole liver, the interaction and total times were higher.
DISCUSSION
In liver transplantation, the graft size cannot be predicted according to the donor's body weight (12) . Therefore, determination of hepatic volumes with cross-sectional imaging is mandatory before living related liver transplantation (1,2,12) . We have developed a semiautomatic segmentation method that has been optimized for the determination of liver volumes at MR imaging because this method is being increasingly used in living related liver transplantation to reveal the arterial, portal venous, hepatic venous, and biliary anatomy (3, 13) . The use of T1-weighted opposedphase MR images helped define the boundaries of the liver. The determination of the limits of the liver segments was based on the simple surfaces defined by the Couinaud nomenclature system (9,10). Use of the semiautomatic segmentation algorithm greatly decreased the time needed for the preoperative determination of liver volumes. The reduction of the mean user interaction time from 25 minutes to less than 5 minutes made liver segmentation at MR imaging easier and much faster. Both accuracy and repeatability were improved.
The main advantage of the semiautomated method is the time savings it confers. Initialization time might be further reduced by using three-dimensional segmentation. In this case, initialization on one or two sections would be sufficient. Automatic initialization could even be considered. However, three-dimensional segmentation would increase the computation time. Furthermore, its accuracy would have to be evaluated. Manual corrections and placing of separation lines are the most time-consuming steps. If the initialization circles are judiciously placed, manual corrections are only necessary at the borders, at which the contrast with the surrounding organs is very weak. This occurs especially in lean patients because in other patients, phase cancellation between the liver and the surrounding fat creates a black line surrounding the liver.
The improvement in accuracy can be explained by the more precise delineation of the liver contours. The accuracy of manual segmentation is indeed limited by the observer's dexterity. If the automatic segmentation algorithm fails, manual corrections can quickly remove the mistakes. The positioning of lines on the anatomic landmarks that separate the segments and the automatic interpolation of these lines on the sections on which the landmarks are not visible are also favorable factors. Furthermore, the apparent border of the liver depends on the intensity window center and width. The manual adjustment of image contrast can thus influence the volume measured during manual segmentation (32) , whereas automatic segmentation is independent of this setting. Nevertheless, even with semiautomated segmentation, a factor in the range of 0.686 -1.601 can still separate the estimated volume from the actual graft size. In adult grafts (whether from the right or the left lobe), an overestimation and an underestimation of graft size would lead to a higher risk of small-for-size syndrome in the recipient and in the donor, respectively. Several reasons can explain the discrepancies observed between the estimated and the real volumes. The surgical context may impose the necessity of using slightly different anatomic landmarks to separate the liver segments. Furthermore, during the preparation of the graft, the blood vessels are flushed. Therefore, the blood vessels included in the segmented liver could lead to an overestimation of the graft size, on the order of 29% (33) . Because this effect is more important for right-or left-lobe grafts, this may explain the systematic overestimation observed for these grafts. Partial volume effects related to the stomach and the heart are often present in upper sections (12) . On these sections, the delineation of the liver must be based on both the image contrast and the contours on the adjacent sections.
Section thickness is also a limiting factor. With 7-mm sections and 3-mm gaps, the liver border is averaged over 10 mm. As shown in the results of our study, the left lateral segment, the right lobe, and the whole liver are the areas whose measurements are most affected by the section thickness. These liver parts have some oblique interfaces (relative to the imaging plane) with the surrounding organs (Fig 1) and are therefore sensitive to partial volume effects. In contrast, the borders of the caudate lobe and the left medial segment are more perpendicular to the imaging plane and are less sensitive to partial volume effects. Similar results were reported previously (34) . It was shown that estimations of the volume of the bladder, whose shape varies along the z-axis, were higher with thinner sections, whereas the volume of the rectum, a cylindric organ that is quasiperpendicular to the imaging plane, was insensitive to the thickness of transverse sections.
In the present study, the actual and estimated graft volumes were similar to those reported in previous studies (12, 35) . The differences between the actual and the estimated graft volumes were in the normal range (11) . Because most previous studies (11, 12, 35) involved the use of correlation coefficients and regression analysis to quantify the relationship between actual and estimated graft volumes, comparison of the 95% limits of agreement is difficult. Because the use of correlation coefficients and regression analysis is debated in the context of methods for comparing studies (27) , their use was avoided. The main drawback of correlation coefficients and regression analysis relates to the fact that they measure the strength of the linear relationship between two variables, not the agreement between them. Furthermore, they depend on the scale and range of the measurements. Data that seem to be in poor agreement can produce quite high correlations (27) . The statistical methods used in this study are similar to those used by Bakker et al (31) for renal volume measurements.
The use of automatic processes always increases repeatability (36) . As expected, use of the semiautomatic segmentation method led to higher intra-and interobserver repeatability (except for the caudate lobe, for which the segmentation was manual in both methods). Manual determination of the liver contours, mental interpolation of the separations between the segments, and dependence on the display window settings (32) can explain the lower repeatability achieved with manual segmentation. However, even with semiautomatic segmentation, several variability sources exist. The manual placement of the initialization circles slightly modifies the final segmentation. The best results are obtained when two or three initialization circles are placed in representative areas on each section to take variations in the hepatic signal intensity into account. Manual corrections are left to the observer's own judgment. Interobserver variability can result, especially in sections in which partial volume effects are present. The positioning of the separation lines between the liver segments can also introduce variability in patients in whom the anatomic landmarks are unclear.
The study had several limitations. Only 18 donors were included. This comparison could be performed with a larger number of donors within the framework of a multicenter study. The effects of the inclusion of blood vessels in the segmented liver and those of partial volume effects and section thickness have already been discussed. Moreover, in this study, the actual graft volume was inferred from its weight (11, 12, 35) while assuming a unit density for the liver (26) . Water displacement (37) would allow direct measurement of the graft volume but would be cumbersome in clinical practice.
Finally, the accuracy of determining the segmental and subsegmental boundaries with straight lines has been questioned (18, 38) . The true anatomic limits of the liver subsegments are determined by the portal anatomy, which shows large variations (38) . To take this variability into account, the use of liver segmentation algorithms based on the portal anatomy has been proposed (15, 39) . However, these methods are complex and are not widely used. In addition, most previous analyses of discrepancies between radiologic determinations of the segmental anatomy and the actual anatomy of liver segments and subsegments have concerned the limits between the subsegments of the right lobe (38, 40, 41) . In contrast, the limits used in the present study-namely, the limits between the left lateral segment and the left medial segment and those between the left and the right lobe-conform fairly to vertical planes (42) .
In conclusion, in this validation study performed with living donors for liver transplantation, the use of semiautomatic liver segmentation saved a substantial amount of time while improving both accuracy and repeatability. Other potential applications of the technique include the determination of segmental volumes before partial hepatectomy for tumors (43) and the monitoring of liver regeneration (44) .
